Introduction
CO 2 flooding is considered one of the most effective tertiary recovery processes in light/medium oil reservoirs and has achieved widespread use in the petroleum industry. However, the complicated displacement mechanisms and reservoir performance involved in the CO 2 injection process have not been completely understood. Monitoring reservoir performance and obtaining
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In order to operate a CO 2 flooding scheme successfully, it is necessary to get accurate information about the reservoir dynamic performance and the fluids injected. Although some numerical simulation studies have been conducted, the complicated drive mechanisms and actual reservoir performance have not been fully understood. Thus, there is a strong industrial need to develop models using different perspectives to provide valuable and complementary insights into the reservoir performance during the CO 2 flooding process.
The objective of this study is to develop models using material balance equations (MBE) to analyze the field data before and after CO 2 injection. After matching the historical field data, the proposed model can be applied to evaluate, monitor and predict the overall reservoir dynamic performance during the CO 2 flooding process. To accurately account for the complex displacement process involving compositional effect and multiphase flow, the PVT properties of reservoir fluids and the four-phase fluid relative permeability relationship are integrated into the model. This study has investigated the effects of a number of factors, such as the reservoir pressure, the amount of CO 2 injected, the CO 2 partition ratios in reservoir fluids, the possibility of the existence of a free CO 2 gas cap, the proportion of reservoir fluids contacted by CO 2 , the oil swelling and the oil relative permeability improvement. The model has been applied to analyze the Weyburn CO 2 flooding project. The study has shown that the proposed MBE model is an effective complementary tool to analyze overall reservoir performance in tertiary CO 2 recovery processes. The results show that: 1) there exists a free CO 2 gas cap under reservoir conditions, even if the reservoir pressure is larger than MMP (minimum miscible pressure) in the Weyburn Field; 2) the CO 2 partition ratios in oil, water and gas phases and the proportions of reservoir fluids contacted by CO 2 largely affect the drive mechanism and production performance; and 3) the effect of CO 2 solubility in water under actual reservoir conditions cannot be neglected. The proposed new model is the first one in developing and applying MBE to evaluate the overall dynamic performance for the CO 2 flooding process and a valuable insight into reservoir responses during this process has been achieved. accurate information regarding reservoir fluid and injected fluid using field data will help understand the mechanisms and manage the CO 2 injection project efficiently.
There are two types of methods that monitor and evaluate reservoir performance: numerical simulation and MBE. MBE is a classic reservoir engineering tool. It is applied to analyze the reservoir performance based on the law of conservation of matter. Compared with MBE, reservoir numerical simulation is a more modern technique for modelling reservoir performance. One of the limitations of numerical simulation for CO 2 flooding is that a large amount of field data are required in order to accurately incorporate geological heterogeneity. However, in some situations, data are unknown, uncertain or unavailable and the complicated drive mechanisms are not clear. Compared to numerical simulations, the MBE requires less data and reservoir geometry details are not considered. The overall volumetric change and balance of a reservoir system are examined in the MBE model. One of the advantages of MBE is simplicity and the rapidity with which indicative results could be obtained. MBE is a good complementary tool to verify the physical realities of the reservoir and validate the reliability of the simulation model. Since Schilthuis (1) first presented and applied volumetric MBE in 1936, a number of MBE have been presented. In 1963, Havlena and Odeh (2) developed a popular straight line method to estimate the hydrocarbon reserve. Walsh et al. (3, 4) introduced a generalized MBE that is applicable to the full range of reservoir fluids, including volatile oil and gas condensates. However, the method is restricted to primary and secondary recovery processes. Penuela et al. (5) developed MBE for a dual porosity carbonate reservoir to determine the original oil-in-place (OOIP) in matrix and fractured systems. Hsieh et al. (6, 7) proposed a horizontal line MBE to estimate the OOIP and calculate the water influx. Sills (8) presented MBE to determine original hydrocarbon-in-place (OHIP) in waterdrive oil and gas reservoirs. Even though each of these works mentioned above contributes to the development and application of MBE, MBE are still restricted to determine the OHIP and aquifer properties for primary and secondary recovery processes. None is applicable to the tertiary recovery process, and the complicated phase behaviour and compositional effects in CO 2 flooding cannot be handled in present MBE models. As the number of tertiary recovery projects in the petroleum industry increases, there is an increasing need to address these limitations. The objective of this study is to extend the application of classic MBE to EOR tertiary recovery processes to improve the understanding for overall reservoir dynamic behaviour during the CO 2 flooding process.
Model Development
The MBE for petroleum reservoirs is simply a volumetric balance, which states that since the volume of a reservoir is constant, the algebraic sum of the volume changes for the oil, free gas, water and rock volumes in the reservoir must be zero. The new MBE model developed extends the applications of the classic MBE to a CO 2 injection process. Besides the 'old' functions of estimating the OHIP and determining the energy sources for oil displacement, the 'new' functions mainly include monitoring the overall dynamic performance and predicting the behaviour of the CO 2 flooding process. The objective of monitoring the actual performance of the CO 2 flooding process can be achieved by examining the displacement efficiency, investigating the CO 2 dynamic behaviour of partition and contact in the reservoir, monitoring the CO 2 subsurface storage capacity and studying the change of fluid properties under actual reservoir conditions. The future performance of CO 2 flooding can be predicted based on the results of monitoring and history matching.
The factors considered in the model mainly involve the uneven possibility of reservoir oil and brine contacted by CO 2 , the possibility of the existence of a free CO 2 cap, the swelling of the CO 2 -oil mixture, the reduction of oil viscosity and density, and the change of fluid relative permeability.
In the model, the percentage of reservoir fluid (oil or water, noted as x) contacted and saturated by CO 2 is defined as α x : In reality, the α x value will be affected by the amount of CO 2 dissolving in the reservoir fluid, x, the total amount of fluid presented in the reservoir and the CO 2 solubility in the reservoir fluid, x. As time passes and the amount of injected CO 2 increases, the value of α x will vary.
There is a possibility that the injected CO 2 may have either greater contact with the reservoir oil or greater contact with the reservoir water. To evaluate the uneven possibility of reservoir fluids (oil and water) contacted and saturated by CO 2 , the ratio of α oil to α water has been calculated and defined as the characteristic reservoir factor, R CRF .
Model assumptions
The model is based on the following assumptions:
• The model is zero dimensional and the reservoir geometry and well locations are not considered.
• The injected CO 2 may exist in free gas, or in oil and water phases under reservoir conditions. • The injected CO 2 can be produced from the reservoir in three ways: solution gas-in-oil, solution gas-in-water and free CO 2 .
• The reservoir fluids contacted by CO 2 are instantaneously saturated by CO 2 .
• The average properties of reservoir fluids are obtained by weighing the reservoir fluid contacted by CO 2 and uncontacted reservoir fluid.
• The rock porosity and fluid saturation are uniform throughout the reservoir.
• The model developed for monitoring and predicting CO 2 flooding dynamic performance consists of five equations as follows: (1) MBE, (2) change of phase behaviour and PVT of fluids, (3) relative permeability relationship, (4) producing gas-oil ratio and water-oil ratio, and (5) fluid saturations.
Material Balance Equations
For CO 2 flooding, the MBE can be expressed as: For the CO 2 injected, the MBE can be expressed as: CO 2 subsurface storage capacity, V co2_Re , and storage efficiency, η, can be determined as When CO 2 is injected into a reservoir, it enters into the solution and swells the oil. The saturation pressure for oil will vary. In addition, the viscosity of oil is significantly reduced and the solution gas-oil ratio of oil is significantly increased. In this study, the results of the phase behaviour for the Weyburn oil-CO 2 mixture were obtained from an SRC laboratory test (9) and have been coupled in the MBE modelling. The phase behaviour relationships coupled in the MBE include the relationship between the saturation pressure and the CO 2 concentration, pressure dependence of the formation volume factor, gas-oil ratio and viscosity of the oil-CO 2 mixture. Injection of CO 2 into the oil will increase the formation volume factor and the gas-oil ratio, and will reduce the viscosity of the fluid mixture.
CO 2 Solubility in Water
The solubility of CO 2 in water is a function of temperature, pressure and water salinity. The change of CO 2 solubility, formation volume factor of water and viscosity of water saturated by CO 2 are considered in the model.
Relative Permeability Equation
The complicated phase behaviour change during the CO 2 flooding process leads to the complexity of the relative permeability relationship. It is necessary to consider reservoir fluids as four phases: uncontacted oil, oil-CO 2 mixture, water and gas. The relative permeability relationship coupling the difference between the contacted and uncontacted oil is expressed as follows: Even though oil production has improved due to the CO 2 flooding process, there are still some technical problems that need to be solved. For instance, after the implementation of CO 2 flooding for approximately three years, production responses occurred in only 30 wells, which shows a relatively slow response. In some wells, the producing GOR (gas-oil ratio) rose significantly. The monitoring and analyzing of actual injected CO 2 dynamic response will help solve these problems, understand the accurate displacement mechanisms and, finally, optimize the CO 2 flood strategies. Figure 1 shows the amount of CO 2 injected and dissolved in the reservoir oil at different flooding times. The amount of CO 2 dissolved into oil was less than the total amount of CO 2 injected. At early flooding time, the differences between these two curves are small, which indicates that almost all of the CO 2 injected was dissolved into the oil phase. However, the differences become more and more significant as the flooding time progressed. This indicates that not all of the injected CO 2 is dissolved into the reservoir oil during the CO 2 flooding process, even though the reservoir pressure was higher than MMP (13.3 MPa). This is because, at the beginning of CO 2 flooding, a relatively small amount of CO 2 was injected into the reservoir, most of which dissolved into the fresh reservoir oil. As the CO 2 flooding progressed, and the amount of CO 2 injected into the reservoir increased, it took a longer time for the injected CO 2 to contact and dissolve into the reservoir oil. Furthermore, reservoir oil and water coexist in the actual reservoir environment. The injected CO 2 contacted and dissolved, not only into the oil, but also into the water as well. The tertiary recovery process after waterflooding will generally possess an increasingly higher and higher water saturation as time passes. As a result, the amount of CO 2 not contacting fresh oil will increase as the flooding progresses and the amount of CO 2 injected increases. Figure 2 presents the partition of the injected CO 2 in the actual reservoir as a function of the CO 2 flooding time. It is shown that approximately 86% of the injected CO 2 can dissolve into reservoir oil, 7% will dissolve into water and 7% will remain in the free gas phase. The percentage of CO 2 dissolved into oil was comparatively higher than that in water and in the free gas phase. With the progression of CO 2 flooding time, the percentage of CO 2 dissolved into oil decreased by a small degree and the percentage of CO 2 dissolved into reservoir water and remaining in the free CO 2 phase increased slightly. This is because, with the advance of the recovery process, the volume of the oil produced from the reservoir increased. Thus, the oil saturation in the reservoir decreased and the water saturation tended to increase. As a result, the injected CO 2 had more of a chance to contact reservoir water than oil, even though the CO 2 solubility in oil under reservoir conditions was much greater than that in water. Figure 3 exhibits a plot of the CO 2 subsurface storage efficiency, η, as a function of the cumulative amount of CO 2 injected. As shown, CO 2 subsurface storage efficiency decreases with an increase of the amount of CO 2 injected and the flooding time. At the beginning, all of the CO 2 injected is dissolved and/or stored in the reservoir. However, after 32% PV CO 2 is injected into the reservoir, the CO 2 subsurface storage efficiency will decrease to 91.8%.
Results and Discussion

Monitoring Results
The change of α oil with respect to the cumulative CO 2 injected (% PV) is shown in Figure 4 . It shows that with the increase in the amount of CO 2 injected, the percentage of reservoir oil contacted and saturated by CO 2 increases almost linearly. Figure 5 displays the monitoring results for the variation of the average relative permeability during the CO 2 flooding process. The average water relative permeability increased with the increase in the amount of CO 2 injected. The average oil relative permeability first decreased slightly and then increased gradually. This is because the volume of contacted oil at the early time of CO 2 flooding was very small and the average oil relative permeability depended on the relative permeability of uncontacted oil. As the oil was produced from the reservoir, oil saturation decreased gradually and the relative permeability of uncontacted oil decreased as well. As a result, the average oil relative permeability decreased slightly. With the progression of the CO 2 flooding time and the increase in the amount of CO 2 injected, more oil was contacted by CO 2 . At this time, the average oil relative permeability depended on the variation of the proportion of contacted oil and the relative permeability of contacted oil. Therefore, the average oil relative permeability increased gradually as the volume of contacted oil increased. Figure 6 shows the effect of reservoir pressure maintenance on cumulative oil production. In general, the higher the reservoir pressure maintained, the higher cumulative oil production will be reached. However, for the cases with lower reservoir pressures, 14.8 MPa and 12.6 MPa, there is no significant difference between the cumulative oil production within the first 24 months. The reason is that at a reservoir pressure of 14.8 MPa, a large amount of CO 2 dissolves into the oil and swells the oil, which helps to displace oil from the reservoir. For the case of a lower reservoir pressure of 12.6 MPa, even though the CO 2 solubility in the oil is significantly lower and the swelling effect is smaller than at a higher reservoir pressure of 14.8 MPa, there is a larger free CO 2 cap existing in the reservoir than at the higher reservoir pressure. This gas cap will contribute to the oil recovery. Figure 7 shows the effects of reservoir pressure maintenance on the percentage of CO 2 dissolved in oil. The higher the reservoir pressure, the higher percentage of CO 2 dissolved in oil. The percentage of CO 2 dissolved in oil at a reservoir pressure of 16 MPa is approximately 90%. At a lower reservoir pressure of 12.6 MPa, the percentage of CO 2 dissolved in oil is 66%, which is 24% lower than that at a higher pressure of 16 MPa. It indicates that higher reservoir pressure maintenance will help CO 2 to dissolve into solution oil and become miscible with oil. With the increase of volume of injected CO 2 and flooding time progression, the three curves show the similar tendency for the percentage of CO 2 dissolved in oil to decrease slightly. Figure 8 shows the partition ratio, β , for the injected CO 2 in the reservoir oil and water phases in the Weyburn Oil Field. There are two tendencies shown in this figure. Firstly, with the increase 
Sensitivity analysis
Effect of Reservoir Pressure Maintenance
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FIGURE 8: CO 2 distribution ratio in oil and water.
in reservoir pressure, the CO 2 partition ratio in oil and water increases. It indicates that more CO 2 can dissolve in the oil phase than in the water phase. Secondly, with the decrease of the oil saturation in the reservoir, the CO 2 partition ratio, β, decreases as well. This figure also reveals that an earlier time injection scheme allows more CO 2 to contact and dissolve into the oil phase due to higher oil saturation in the reservoir, and thus, helps to dramatically improve final oil recovery. Figure 9 shows the sensitivity analyses for R CRF values. CO 2 injection processes with constant and variable R CRF values were also examined in Figure 9 . It is observed that the oil production history can be matched by preferably using variable R CRF values, i.e., 1.0 for the early stage (from the 1 st to the 7 th months) and 1.1 for the late stage (from the 8 th to the 33 rd months). Physically, the increase in R CRF during the CO 2 flooding process indicates more and more CO 2 dissolves into the oil phase. This is because gravity tends to cause the lighter CO 2 to rise inside the reservoir, and the natural fracture systems and/or other heterogeneities in the Weyburn Carbonate Reservoir Formation will assist this process. Therefore, the injected CO 2 has a better chance to contact reservoir oil than water. This leads to the rising tendency of the R CRF values.
Effect of R CRF on CO 2 Flooding Performance
Conclusions
Based on the investigation into the Weyburn Field CO 2 flooding performance and the analysis of the modelling results, the following conclusions can be drawn:
1. The tank model is still an irreplaceable and effective tool for analyzing and monitoring the overall reservoir performance in the tertiary recovery process. 2. The objective of co-optimization of EOR and CO 2 sub-surface storage cannot be achieved currently in the Weyburn Oil Field. 3. Even though the reservoir pressure is currently higher than MMP, the CO 2 injected is not 100% dissolved in the oil and there exists a free CO 2 cap under actual reservoir conditions. 4. The characteristic reservoir factor, R CRF , varies at different stages of CO 2 flooding. With the progression of CO 2 flooding time and the increase in the amount of CO 2 injected, the R CRF value increases from 1.0 to around 1.1 for the Weyburn Phase 1a area. 5. With the increase of the amount of CO 2 injected, the amount of contacted oil and the percentage of oil contacted by CO 2 , α oil , increases and the oil relative permeability increases. 6. The CO 2 volumetric distribution ratio in oil and water, β, is influenced by fluid saturation distribution and reservoir pressure. 7. Different oil production can be obtained with different reservoir pressure maintenances. The higher the pressure, the higher the oil recovery will be. However, the reservoir pressure should be lower than the formation fracturing pressure in general. 8. The swelling of oil when mixed with CO 2 plays an important role in the recovery process, which is mainly affected by reservoir pressure. The reservoir fluid volume contacted by CO 2 is affected by the reservoir pressure, the volume of fluid injected and fluid saturation in the reservoir. 9. The CO 2 sub-surface storage capacity is influenced by fluid saturation, reservoir pressure and the amount of CO 2 injected and fluid produced. With the increase in the amount of fluid injected and fluid produced, the CO 2 sub-surface storage efficiency decreases. 
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